The illusion of auditory apparent motion (AAM) was examined in order to determine the burst durations and interstimulus onset intervals (ISOIs) at which AAM is heard when spatial information regarding source location was varied. In the first experiment AAM was examined in the free field under monaural and binaural listening conditions. AAM was heard at the same burst duration-ISOI combinations for both listening conditions, but the location of the lead source could be determined only under binaural listening. In the second experiment AAM was measured with two and three sound sources. The number of sources did not affect the burst duration-ISOI combinations that produced AAM, but did affect the determination of the location of the lead source. In the third experiment AAM was tested when the sources were located in the median plane. The sources were located either at 0 ø and 150 ø azimuth, or both at 0 ø azimuth, one in the horizontal plane and one 20 ø above. The location of the speakers did not affect the timing requirements for the perception of AAM, only the timing requirements for the detection of the lead source. In the fourth experiment, AAM was measured when the vertical separation between the sources was either 2.5 ø or 20 ø. AAM was heard at both separations, even though 2.5 ø is less than the vertical IAAA. In each of these experiments only burst duration and ISOi determined whether motion was heard. Localization cues were important only for the determination of the direction of motion.
INTRODUCTION
For the past 20 years the primary method of investigating auditory motion perception has been the determination of the minimum audible movement angle (MAMA), a measure of dynamic acuity. The MAMA is defined as either the minimum extent of travel required for identification of the direction of sound source movement (e.g., left or right) or the minimum extent of travel that allows accurate discrimination between a moving and stationary stimulus (e.g., Perrott and Musicant, 1977; Grantham, 1986) . MAMAs have been measured under a variety of conditions. The results of these experiments indicate that factors affecting performance on static acuity tasks also affect performance on dynamic acuity tasks. For example, the MAMA is smallest (1-2 ø ) when the stimulus consists of broadband noise sources located directly in front of the listener (e.g., Chandler and Grantham, 1992; Perrott and Tucker, 1988; Grantham, 1986; for a review see Middlebrooks and Green, 1991) .
These findings are similar to those of Mills (1958) on the minimum audible angle (MAA), a measure of static acuity. One factor that influences the MAMA but by definition cannot affect the MAA is the velocity of the moving sound. Saberi and Perrott (1990) plained by a snapshot mechanism. This hypothesis was first stated in Grantham (1986) and was recently reviewed in Middlebrooks and Green (1991) . According to the snapshot hypothesis, the auditory system detects motion by determining the location of a moving sound at two points in time. If a change in the location of the sound is detected, motion is heard. According to this hypothesis, auditory motion is not processed by specialized auditory motion detectors. The snapshot hypothesis is consistent with the research on MAMAs as it predicts that factors affecting static localization would also influence the detection of moving sounds. Grantham (1986) added that a minimum integration period of 150-300 ms is required for optimal performance on MAMA tasks. When sounds travel for less than this time period, the MAMA is elevated, because spatial resolution becomes poor as the duration of a moving target decreases below 150 ms. This was confirmed by the results of Perrott and Pacheco (1989) , who showed that the MAA was optimal when the temporal separation between the static sounds exceeded 100-150 ms. The minimum integration period could explain why the MAMA increases with velocity for velocities greater than 2ø/s. At velocities lower than 2ø/s, where the MAMA is inversely related to velocity, Middlebrooks and Green (1991) suggest that the elevation in MAMAs is caused by memory limitations. Thus the snapshot hypothesis can account for most of the data on the MAMA.
The MAMA has been measured both for real moving sounds and for simulations of sound movement. Simulations of movement are created by replicating one or more of the dynamic features of a sound in motion. Some simulations replicate dynamic interaural intensity and time differences (e.g., Grantham, 1986) . Others replicate only dynamic interaural time differences (e.g., Altman and Viskov, 1977) . Generally speaking, MAMAs obtained with simulated movement are similar to those obtained with real movement (Grantham 1986; Perrott and Tucker, 1988) . These simulation techniques are important because they are relatively easy to create and they can be used to determine the essential features of a moving stimulus that produce the perception of auditory motion. For example, the snapshot hypothesis predicts that motion can be heard with a minimum of two looks at a moving sound stimulus. This prediction could be tested with a simulation consisting of only two different values of interaural time or intensity differences. A simulation of this type was reported by Viskov (1975) , who used a dichotic-click technique that replicated the dynamical interaural time differences of a moving sound source. He determined that motion could be heard when only two clicks were presented. Similarly, the snapshot hypothesis predicts that the simplest simulation technique in the free field is two sound bursts separated in time and space. A simulation of this type has been created, and is known as auditory apparent motion (AAM). AAM is an important method for investigating auditory motion not only because it represents the minimum conditions for motion, but also because apparent motion can be produced in the visual and tactual modalities. This suggests that similarities between the senses exist at some level in the processing of motion. In vision there are probably more published reports of the illusion of visual apparent motion than of real visual motion (Kolers, 1972) . This is probably due to the assumption that visual apparent motion contains only the essential stimulus features that can produce the perception of motion (e.g., Newsome et al., 1986) . In fact, many recent theories of visual motion perception are based almost exclusively on this illusion (for a review see Mack, 1986 Subsequent research on AAM has examined the role of temporal and spatial factors in the illusion. In general, this research has shown that timing factors (burst duration and ISOI) are more important than spatial factors (e.g., binaural localization cues). Briggs and Perrott (1972) determined that the ISOI that produced AAM is a :f•dfiOn of the duration of the stimuli. As duration increased, the ISOIs that produced the illusion also increased, but at a slower rate. In vision, a similar finding has been reported, and this relationship be- mined that for separations between 6 ø and 160 ø, AAM was heard at the same ISOI range. extended the range of separations down to 2.5 ø , and determined that the minimum burst-duration requirement for continuous motion was not affected by the spatial separation between the sources. Although spatial separation had no effect on the ISOI range at which AAM was heard, spatial separation did affect whether the direction of motion could be detected. In vision, separation affects both the ISOIs at which apparent motion is heard and the ISOIs at which the direction of apparent motion can be detected (Strybel et al., 1990) . At the present time, the only explanation of AAM was proposed by . It was suggested in this report that the conditions favoring the perception of continuous motion were compatible with the minimum integration period of Grantham (1986) . The optimal conditions for continuous motion in the Strybel et al. (1992) study were a requirement for continuous motion, because it is not possible to create these optimal conditions with burst durations less than 50 ms unless three or more sources are used to produce the illusion. However, in the total duration of the stimulus sequence was confounded with burst duration and ISOI, and AAM was not measured at burst durations greater than 50 ms.
The following set of experiments was undertaken in order to examine further the effect of spatial information on the timing parameters that produce AAM, and to examine the minimum burst duration requirement in more detail. Four experiments were run. The first experiment examined the effect of burst duration on AAM under binaural and monaural listening conditions. The second experiment tested the minimum burst duration requirement for AAM when the illusion was produced with either two or three sound sources. The third experiment measured the minimum burst duration requirement for sources separated in the median plane. The final experiment determined whether AAM could be perceived when the separation between the sources was less than one MAA. the room, with the head fixed by a chin rest. Two speakers were positioned one meter from the subject and were separated by 40 ø . In the binaural listening condition, the subject was oriented so that the speakers were located at _+20 ø azimuth (separated by 40 ø and directly in front of the subject).
In the monaural listening condition, the subject was positioned so that the speakers were located at 70 and 110 ø azimuth (separated by 40 ø and opposite the right ear). An 
Subjects
Six subjects were tested (including one of the authors, WN), all with normal hearing. Three subjects had previous experience in auditory apparent motion studies and three subjects were naive listeners.
Apparatus
Testing was conducted in a 2.7x3.7x2.1-m audiometric chamber (nonanechoic). Subjects were seated in the center of Subjects were instructed to classify their perception of the stimulus sequence into one of five categories developed by Briggs and Perrott (1972) : Single, a single sound was heard with no movement; simultaneity, two sounds were heard at the same time at two different locations, with no movement between them; continuous motion, a sound was heard at one side that moved continuously toward the other side; broken motion, a sound was heard to move from one side to the other, but the movement was interrupted or discontinuous; and succession, two sounds were heard, one at one location then another at a different location, with no movement between them. Subjects were also instructed to indicate whether the lead sound originated from the left or right in the binaural listening condition and from the fore or aft in the monaural condition. This task required a judgment of temporal order for the stimuli that produced no motion, and a judgment of the direction of motion when motion was perceived. The category was indicated by selecting the appropriate switch, and the location of the lead stimulus by throwing it in the proper direction. Subjects initiated a trial block by depressing any switch on the response box. After a response was made to a stimulus sequence, the subsequent pair of stimuli followed 500 ms later. Table I presents the upper and lower ISOI threshold of continuous motion at each duration and listening condition. The upper and lower thresholds were defined as the lowest and highest ISOI values that produced at least 50% continuous motion reports. For both monaural and binaural listening conditions, as the duration increases, the ISOI range also increases. Two differences between listening conditions were observed in Table I tion reports, and that no silent gap should be produced in the stimulus sequence. As shown in Fig. 2 , at the 10-ms duration the continuous motion distribution peaked at roughly 50%, and at 50 ms, the distribution peaked at roughly 70%. This suggests that the minimum duration for continuous motion is roughly 10 ms. In the monaural listening condition, a minimum duration requirement is more difficult to determine, as the peaks of these functions are between 50%-60% at all burst durations. Therefore, although the timing requirements are similar, monaural AAM might represent some minimum threshold condition for the perception of motion in the auditory modality at all burst durations. The requirement of no silent gap does not predict when continuous motion will be heard at the longer burst durations. According to , if the minimum burst duration is exceeded and no silent gap is produced in the stimulus sequence, continuous motion should be heard.
At a burst duration of 300 ms, these conditions are met at all ISOIs less than 300 ms. However, in Table I at 300 ms, continuous motion is heard reliably only for ISOIs between 58 and 106 ms. Broken motion was reported most often at ISOIs between 150 and 300 ms, even though no silent gap was present. It appears that the conditions of a minimum total duration of 100 ms and no silent gap are necessary, but not sufficient conditions for continuous motion. Similar findings at long burst durations were obtained by Briggs and Perrott (1972) . These authors also determined that the effect of burst duration on the ISOIs that produced AAM can be described by Korte's second law of visual apparent motion (Kolers, 1972) . This law states that as the burst duration increases, the ISOI that produces continuous motion also increases, but at a slower rate. Our results suggest that when the minimum burst duration is exceeded, Korte's second law is the best description of the duration-ISOI combinations that produce AAM, under binaural and monaural listening conditions. The detection of the direction of AAM appears to be controlled by a different mechanism. Table I presents the ISOI range which produced at least 50% continuous motion reports for 2 and 3 sound sources.
This criterion was not met at burst durations of 5 and 10 ms.
At 25 ms, continuous motion was heard at a narrow range of ISOIs, and at 50 ms the range is somewhat broader, due to the increase in the upper ISOI at which the criterion is met. There is no difference between numbers of speakers used in these ranges.
The results presented in Fig. 4 and Table I suggest that the number of sources do not affect the timing requirements for AAM. The minimum duration for continuous motion is between 10 and 25 ms for both two and three sources. In order to determine if total duration of the stimulus sequence is the appropriate predictor of AAM, the percentage of continuous motion responses are replotted in Fig. 5 as a Furthermore, the results indicate again that motion is processed differently than the direction of motion, as performance on the direction task did depend on total duration of the sound sequence. In essence, subjects in this experiment used the duration and ISOI of contiguous events to determine whether the sound was moving, and compared the locations of the starting and ending points to determine the direction of motion. 4
III. EXPERIMENT 3: AAM IN THE MEDIAN PLANE
The third experiment determined if AAM could be heard when the speakers were located in the median plane. We determined if the effect of burst duration in this experiment was similar to the effect noted in experiment one, using a stimulus (high-pass noise) that provided monaural shape cues about the location of each source.
A. Method
All of the subjects who served in experiment 2 were tested. Two speaker arrangements were used, vertical and front-back. In the vertical arrangement, two speakers were located at 0 ø azimuth, one on the horizontal plane, and one 20 ø above. In the front-back arrangement, two speakers were located in the horizontal plane, one speaker at 0 ø, and one at 180 ø. All speakers were located 1.1 m from the subject. The stimulus was the same as in experiment 2. For each condition, three burst durations were tested (10, 25, and 50 ms) for a total of six trial blocks, presented in random order. Within each trial block, ten ISOIs were presented 30 times each in random order. The ISOIs used were the same as in experiment 2. Subjects were instructed to categorize their perception of the stimulus into one of the five categories defined previously. For judgments of location of the first occurring stimulus, subjects indicated "down" or "up" in the vertical arrangement and "front" or "back" in the front-back arrangement by throwing the appropriate switch in the indi- In the present experiment, the spectrum of the stimuli were more likely to produce monaural shape cues required for localization in the median plane. When the speakers were arranged vertically or in the front-back dimension, continuous motion was heard at the same combinations of duration and ISOI that produce the perception of continuous motion in the horizontal plane. 6
IV. EXPERIMENT 4: THE EFFECT OF SPEAKER SEPARATION ON AAM IN THE VERTICAL PLANE
In each of the experiments reported here, the location of the speakers had little or no effect on the perception of AAM.
Neither the elimination of interaural difference cues in experiment 1, variation in the number of sources used in experiment 2, nor the plane in which the sources were separated affected the conditions that produced AAM. All of these manipulations did affect detection of direction of motion, however. Taken together, these results could be explained by assuming that static location cues are not required for the perception of motion in the auditory modality, but are necessary for detecting the direction of movement. On the basis of this assumption we would predict that AAM could be heard when the separation between the sources is less than the MAA.
Another interpretation that is consistent with the results of experiments 1-3 is that the obtained continuous motion distributions were caused by some experimental artifact. In each experiment reported here, burst duration was not varied within a block of trials, and the same set of ISOIs were tested across several trial blocks. Our subjects may have simply learned to respond with the continuous motion category at some ISOI range. It is also possible that the set of response categories used was inappropriate for the manipulations of experiments 1-3, and forced subjects to respond with the motion categories even when no motion was heard. For example, if at some ISOI the stimulus sequence was clearly not single, simultaneous or successive, the only choices left were motion categories (continuous or broken).
The final experiment tested both interpretations of the results of experiments 1-3. It was determined if AAM could be heard when the sound sources were separated by less than one MAA, and if contextual cues could account for the results. AAM was measured in the vertical plane at two separations, 2.5 ø and 20 ø. A separation of 2.5 ø is less than the vertical MAA reported by Perrott and Saberi (1990) . The 20 ø separation is a replication of the vertical condition of experiment 3. Some subjects were tested with two ranges of ISOIs.
Others were tested when the burst duration was varied within trial block and an alternative set of response categories were used. This new set was created by substituting "none of the above" for the simultaneity category used previously. Two blocks of trials were run at each separation, providing a total of 24 trials at each separation-duration-ISOI combination. In addition, two sets of response categories were tested, making a total of eight trial blocks. The first response category set was the same as in experiments 1-3. The second set substituted "none of the above" for the simultaneous category. Simultaneous was omitted because it was rarely used when AAM was produced in the vertical plane in experiment 3. The none-of-the-above category was defined as a perception that could not be classified into any of the other categories. Subjects were again instructed to indicate the location of the lead source (up or down). However, feedback was now provided to the subject on the direction task.
Subjects
Four subjects were tested. Two of these had participated in experiments 2 and 3. The other two had previous experience with AAM, but did not participate in experiments 1-3. One of these had hearing within normal limits and the other (TZS, one of the authors) had some hearing loss at frequencies above 5 kHz. All subjects were tested at vertical separations of 2.5 ø and 20 ø . Two subjects were tested for the effects of ISOI range on AAM, and three were tested for the effects of burst duration and response set (one subject was used in both tests).
Apparatus
The apparatus was the same as in experiment 3 with the following modifications. All of the surfaces of the audiometric chamber were covered with Sonex 4 in acoustical sheets.
These sheets report absorption coefficients of at least 1.06 for frequencies above 0.25 kHz. Three speakers were used in this experiment. One was positioned at 0 ø azimuth and 0 ø elevation relative to the subject. The other speakers were positioned so as to produce vertical separations of 2.5 ø and 20 ø, each at 0 ø azimuth. The subject's chair was also moved to produce the desired vertical separation. For the 2.5 ø separation, the speakers were 2.7 m from the subject, and for 20 ø the speakers were 1.5 m from the subject. The stimulus consisted of high-pass noise (2-16 kHz) at 50 dB A-weighted. tions were a minimum total duration of at least 100 ms, and no silent gap. In experiment 1, these rules were applicable only when the duration of each stimulus was less than 300 ms. At a burst duration of 300 ms, ISOIs between 200 and 300 ms produced the perception of broken motion, even though these combinations meet the criteria of Strybel et al. Another difficulty with these requirements is that in all previous investigations of AAM, total duration was confounded with burst duration and ISOI. In experiment 2, when two and three sources were used, total duration could not reliably predict when AAM was heard. In this experiment, the burst duration and ISOI of contiguous events were the best predictors of the illusion. We can summarize the conditions for continuous motion as follows. The ISOIs that produce continuous motion are a function of burst duration. As the burst duration increases, the ISOIs that produce motion also increase. Moreover, the range of ISOIs that produce continuous motion increases with burst duration up to 100 ms (see Table I ).
Determination of the direction of AAM on the other hand, depends on both temporal parameters and the availability of cues to the location of the individual sound sources. In experiment 1, our subjects were unable to determine the direction of motion in the monaural listening condition at any burst duration-ISOI combination. In experiment 2, direction of motion could be detected when the total duration of the stimulus sequence exceeded roughly 50 ms, for both two and three sources. In experiment 3, front-back direction of motion discrimination was possible at ISOIs greater than 55 ms at burst durations of 25 and 50 ms, suggesting that total duration does not describe performance in the median plane. These minimum values may be improved with feedback, however, as in experiment 4 our listeners could discriminate the up-down direction at ISOIs in excess of 25 ms for burst durations of 50 and 100 ms, and only when the separation exceeded the MAA.
What cue could listeners use to detect motion that is not dependent on static location information? One possible cue of this type is amplitude modulation. A sound moving around the head at a constant distance from the listener would produce changes in the amplitude of the signal arriving at each ear. Although the interaural differences in intensity could signal changes in source location, the monaural change in intensity over time is proportional to source velocity and could be used as a cue to movement (Zakaruskas and Cynader, 1991). In AAM experiments, motion is heard when two sound events either overlap or follow closely in time, producing a proximal stimulus which increases in amplitude. Under monaural listening conditions, the appropriately timed AAM stimulus would produce a monaural change in amplitude to the unoccluded ear. When the separation between the sources is less than one MAA, the AAM stimulus would produce an amplitude increase to both ears. The amplitude change produced in both of these conditions could signal movement and be ambiguous about direction of movement. A monaural motion detection mechanism of this type is consistent with research on other topics related to auditory motion perception, such as auditory motion aftereffects (e.g., Reinhardt-Rutland, 1992 ) and single-cell recording work on auditory motion detectors (e.g., Stumpf et al., 1992) .
A mechanism for detecting amplitude modulation does not rule out a system that detects changes in location over time (the snapshot mechanism), however. In all of the experiments reported here, more motion was reported overall when the direction of movement was correctly identified. For example, in the monaural listening condition of experiment 1, where location cues were degraded, less continuous motion was reported overall compared to the binaural condition. In experiment 4, at the 2.5 ø separation, less motion was reported at 50 ms relative to the 20 ø separation. Thus a stimulus that provides information about movement in the form of amplitude modulation cues and changes in position is more likely to be reported as moving than one that provides only one cue to movement.
Although the possibility of a monaural motion detection mechanism is speculative at this time, the experiments reported here showed that the factors that produce the perception of motion are not the same as those that allow detection of direction. We have determined that the perception of AAM depends on burst duration and ISOI only, while the perception of the direction of AAM depends on the total duration of the stimulus sequence and the strength of static localization information.
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•The percentage of broken motion responses were also analyzed. In general, 
